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Yk > ABSTRACT /f\

The development of a method of continuous measurement of the
wear of metal specimens submitted to a constant cavitation field by
using radiotracer techniques was attempted. Samples of type 302
stainless steel and type 1010 carbon steel were irradiated in a
nuclear reactor and then placed in a cavitating venturi in a
closed-loop mercury facility.

It was discovered that due to the arrangement of the centri-
fugal pump, the radiocactive particles of steel separate at once
and tend to be trapped on the liquid surface of the pump sump.

By dismantling this sump, about 6% of the measured weight loss

of the carbon steel specimens was recovered. This radiocactive
material was collected and filtered, which allowed a classification
by size with the following results: 68.95% of the material was
retained on a 53 micron filter, 30.75% was retained on a 10 micron
filter, and 0.307% was retained on a 2 micron filter. These
results were obtained by comparison of the activity of the debris
with the activity of a standard sample prepared from the original
irradiated specimen.

Differential curves obtained for the different size debris
indicate that the constituents do not vary with particle size. On
the assumption that the particles are spheres, it was found that
the size distribution of the debris recovered was as follows:

6000 particles with a diameter of 53 microns, 14,750 with an average
diameter of 30 microns, and 18,400 with an average diameter of 6
microns. Very few particles exceed a diameter of 80 microns (3.15
mils) and very few have a dimension of less than 6 microns (.236 mils).
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I. INTRODUCTION

A. Motivation For The Investigation

Cavitation damage or erosion investigations are always
hampered, and especially so when the fluids utilized are under
elevated temperature or are such that severe technological handling
problems are involved, by the difficulty of measuring the quantity
of damage incurred. In the case of high-temperature liquid metals,
which are of special interest to the present investigation, the
difficulties associated with the removal and examination of damage
specimens may be severe. Hence the development of a technique for
measuring such damage without actual disassembly and shut-down of
equipment is extremely desirable.

A technique having considerable apparent potential for
the attainment of such measurements is the use of irradiated test
specimens combined with a radicactivity measurement of the process
stream. Conceivably, in such a manner, an instantaneocus measure
of wear-rate could be obtained without stopping the test or removing
the specimens, and thus an accurate determination of wear-rate as a
function of time could be obtained easily, a precision measurement
not readily achieved otherwise even in water tests. Additional
valuable data also would appear to be attainable from such tests:

i) Measurement of damage-debris size spectrum, by passing
debris through precision filters and counting the radioactivity
remaining on the filters.

ii) Measurement of relative proportions of constituents in
damage debris, and comparison with those of parent material, to

determine whether or not attack is selective,



A previous experiment under the present cavitation
damage investigation was conducted using an irradiated austenitic

stainless steel test specimen in waterl’z.

While the experiment
was rather crude, and was partially in the nature of a feasibility
test, the results were surprisingly favorsble. The resulting
damage vs. time determination was everywhere proportional to data

computed from actual pit countst?2s 34

, 2lthough the absolute
magnitudes were in considerable error. In addition a particle-
size determination was achieved that agreed within the known
experimental errors with the microscopic observations of the
damaged surfaces.

In view of the relatively substantial initial success
achieved with water, it was decided to procede with the development
of the technique by attempting a similar experiment in mercury,
using somewhat more elaborate radiation instrumentation; and hoping
to achieve more precise measurements which would be of significance
in themselves, and also would contribute toward the development
of a technique which could be used in high-temperature liquid metals.

As related in detail in reference 5 and more briefly in
the body of this report, some success was achieved particularly in
the areas of determination of relative proportions of constituents
in dasmage debris, and in measuring particle size distribution. In
the second instance, even though the measurements are somewhat crude,
they are unique ;t present for this type of test in a liquid metal
(as the measurements from the water experiment were and still are, to

the authors! knowledge, for that fluid), and hence are of significant

value. It is believed that the measurement of relative constituents,
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which was not achieved in the water tests, is more precise, and
is also unique at present.

In addition, the experiment has succeeded in pin-pointing
some of the major problems involved in the general use of these
techniques, particularly for relatively unknown fluids and flow
geometries. The difficulties encountered involve principally
filtering of various fluids (non-wetting, high melting point,
chemically active, toxic, etc.) and maintaining a uniform concen-
tration of the debris in the process and filtering streams.

B. Description of the Facility

The previous as well as the present experiments were carried
out in the mercury tunnel facility described in detail in the refer-
ences already cited. The most significant features from the view-
point of these particular experiments will be summarized here for
convenience,

Cavitation is caused to occur in a transparent (plexiglass)
venturi of approximately 0.5 inches cylindrical throat diamater
(Figure 1), and damage is observed on two small tapered test specimens
(Figure 2), inserted parallel to the flow through the wall of the
diffuser section. By suitable adjustment of the pressures and flow,
the apparent termination of the vaporous cavitation region can be
caused to occur approximately at the axial midpoint of the specimens,
as it was in these tests ("Standard Cavitation" in the terminology of
these experimentg). The throat velocity is an independent variable
within a certain range, and it was set at~ 70 ft./sec. for the earlier
water tests andv3h ft/sec. for the present mercury tests. Under these
conditions the mean fluid transit time around the loop is of the order

5-15 seconds, and the Reynolds' number at all points is in the highly
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Figure 2.

polished surface
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Photograph of Test Specimen.




turbulent range. Fluid temperature for both tests was approximately
ambient._

The loop (Figure 3) is powered by an overhung centrifugal
sump pump (Figure 4). In this arrangement there is a strong separating
effect upon foreign matter of density less than that of the fluid,
due to the centripetal action of the impeller, resulting in a tendency
of such material to escape from the main stream into the sump, where
it is trapped and floats to the surface of the liquid. This effect
was particularly evident during the mercury tests. The fluid cir-

culation in the sump is reduced to very little by a matrix of closely-
packed vertical stainless steel rods.

2
C. Review of Previous Water Testsl’

The test material used in the previous water tests, and also
in the initial mercury test, was annealed type 302 stainless steel*.
In the water test, the wear rate as calculated from the radicactivity
count of the filters, ranged, as a function of time from test start,
betwedn  0.15 and 0.001 mg/hr., and the particle diameters were pre-
dominantly between 0.5 and 3 mils. These values were used to provide
some rough idea of the filter gradations to be employed and of the
required irradiation level for the test specimens, taking into account
the fact observed in many previous damage. tests that the damage rate
for mercury may be as much as 100 times that 6f water, under otherwise
similar test conditions.

Filtering in the water tests was accomplished using a filter
rack (Figure 11) accomodating four 47 mm. diameter cloth or paper

filters in series, inserted into a small by-pass stream from the loop

* Selected because a great deal of previous damage data in both water
and mercury had been accumutated for this material.
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in such a manner that all the water entering the filter system must
pass through each: filter.

A first run of 20 hours duration was made and each hour a
5 cc. water sample withdrawn from the loop into lucite thimbles.
After the experiment was completed, the samples were evaporated on
stainless steel planchets, and counted with a gas flow counter using
an integral counting technique. At the conclusion of the test, part
of the circulation water was by passed through the filter rack while
the main circulating stream was held at full velocity to maintain
agitation. Two runs were made with different sets of filters. Finally
a third run was made with the main stream essentially stagnant using
the same size filters as in the first run to determine whether settling
rates and/or entrapment were significant. The activity of the filters
was determined with a 24 gas-flow proportional counter. The relation-
ship between milligrams of metal and counts per minute was determined
by making a calibration with a standard solution, obtained by cutting
a small piece from one of the radioactive specimens. The metal frag-
ments were accurately weighed, and then dissolved in concentrated
hydrochloric acid and diluted to three known concentrations.

The following results were obtained:

i) The highest wear rate observed during the 20 hours experiment
was 0.15 mg/hr., and was recorded at the beginning of the run. After
about 4 houfs of cavitation, the damage had become much less severe
(about 0.001 mg/hr.) and during the last 15 hours there was a-gradual
increase of the wear rate.

ii) Count-rate determinations of the filters indicated that

more than 70% of the wear debris consisted of particles ranging from
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0.5 to 3 mils in diameter, and only trace amounts were found smaller
than 1 micron.

As discussed later, the gamma activity of the specimens
is due not only to Fe 59, to which it was attributed in the initial
water testsl’z, but also to other isotopes which chemical analysis
indicates are present in the specimens. However, since the activity
of the filters was counted with a gas flow proportional: counter, where
actually the activity due to beta radiation was measured, the exact
consideration of the gamma emitters present in the specimens was of

no importance.

II. EXPERIMENTAL PROCEDURE

A. Irradiation of Test Specimens

1. Required Irradiation

An estimate of the required irradiation of the stainless
steel test specimens for the mercury tests was made considering the
following:

i) Anticipated rate of damage considering similar previous
tests with non-irradiated specimens, but where weight loss had been
measured.

ii) Minimum required activity level in mercury for good counting
statistics assuming debris to be uniformly dispersed through the entire
facility contents.

iii) Safety factors to account for likely errors in estimations
including the previous mismatch between damage calculated from activity
of filters in previous water tests and that estimated from pit counts.

iv) Irradiation properties of the stainless steel used (as dis—

cussed in further detail later).




The irradiation was to be obtained by inserting the specimens,
in a sealed quartz tube, into the Ford Nuclear Reactor at this
university (swimming pool, thermal, research reactor). Since this
reactor is generally operated on a 5-day week, 8-hour day -schedule,
this intermittent irradiation, allowing an appreciable decay in the
case of some of the isotopes during the down periods, as well as the
varying flux levels during operation were considered in evaluating
the required exposure time in the reactoré. The irradiation actually
attained was of course verified by measuring the activity of the
specimens, for reasons of safe-handling as well as verification of the
calculations, before inserting them into the loop.

Further details on the estimation of activity as a function
of reactor time is given in the appendix.

2. Maximum Allowable Irradiation

The maximum allowable irradiation is set by two factors:
i) Safe handling - It is difficult to place an absolute limit
on the maximum specimen activity which can be safely handled. It is
more a question of the provision of sufficiently elaborate; and
perhaps expensive equipment for the handling. In the present case,
the activity levels used were not sufficient to cause much difficulty
on this score.

ii) Irradiation damage to test specimen - Too high an irradiation
level will, of course, alter the physical properties of the material
to be tested and thus destroy to some extent the significance of the
test. Fortunately the limit for metallic materials in general is
quite high, as compared, for example, to plastics, other organics, etc.

According to the best available information!» 8, stainles steel
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undergoes no measurable change in mechanical properties as a result
of neutron irradiation of less than lO18 nvt fast flux. The fast
flux in the Ford Nuclear Reactor is about 5% of the thermal flux.

It was then calculated that the stainless steel specimens for the
mercury tests received about 1.5 x lO17 nvt fast flux, and the carbon
steel specimens later tested about 0.5 x 1017 nvt fast flux. Thus

in both cases no change in mechanical properties of the test materials
should have occurred, but the margin for a further increase in
irradiation is small. Hence it appears that irradiation damage, even
for metals, is a more meaningful limit to maximum activity than is
safety. This would very likely be increasingly so for non-metallic
materials so that perhaps tests of the herein sort described would
not be practical,

3, Irradiation Properties of Test Materials

Two test materials were utilized: type 302 stainless
steel, and 1010 carbon steel. The initial test which was planned
was that with stainless steel and considerably more care and pre-
liminary analysis was used in this case than with the later test
with carbon steel which was primarily, as will be explained in a

later section, a feasibility test. Hence, a chemical analysis was

obtained on a specimen of the stainless steel material to be used
(the same stock which had been used in many previous non-irradiated

damage tests), and considerable care was utilized in determining

the nature of the radioactivity to be expected. The results of the

chemical and spectrographic analysis of the stainless steel are

listed in Table I.
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TABLE I

Flements Present in 302 Stainless Steel Tested*

Iron 68.39% Phosphorous 0.010%
Chromium 18.35% Tellurium Not Analyzed
Nickel 10.72%

Silicon 0.68% Titanium Not Detected
Manganese 1.28% Aluminum Not Detected
Molybdenum 0.21% Tungsten Not . Detected
Copper 0.25% Vanadium 0.0L%
Columbium Not Detected | Cobalt 0.03%

Tin 0.04L% Magnesium Not Detected
Selenium Not Analyzed | Zirconium Not Detected

For purposes of estimating activity to be expected
after irradiation and dose rate, an average specimen weight of
3.2 grams ﬁas used.

The complete analysis of the nuclear properties of the
different isotopes present in the stainless steel samples is
summarized in Table II. In column one the different isotopes
present in the steel prior to irradiation are listed. The natural
abundance (a %) of each is listed in column tw09. Column three
gives the percentage of the element (b %) in the specimen from the
chemical analysis. In column four the atomic weight (W) of the

natural elements are given.9

The number of atoms per gram of sample, N (fifth column),

is calculated using the formula,

Vo

A ab
N=i  Iot

where No is Avogadro's number, 6.025 x lO23 atoms/atom-gram.

# Analyzed by The Detroit Testing Laboratory, Inc.




Isotopes Present in 302 Stainless Steel
After Irradiation,

Iso~- | Natu- v b Iso- | Type Beta Ganma Half-

Line | tope ral b% “a tope of Energy Energy 1ife A
Abun- Atomic atoms barng | formed| decay k) -1
dance reight | 5B seaols Mev tev br

1| re-84 | 5.84 2.8 Fe-35| EC no ¥ [2.94 y
2| re-se |91.68 2.6 | ve-87 0.014 [10~7
65.30 | 55.88 ¥ 2
3 | Pe-87 2,17 2.8 Fo-38( stable
19 - .271(46%) |.191(2,8 -
4| Fe-88 | 0.31 2.29 x10 1,01 Fo-59 P,f .462(84%) [1,098(57%) 45.1d | 6,41 x10 4
1.86(.3%) |1.285(43%
8| Mn-55 | 200 | 1.28 | 84.94 [1.408x10%° | 13,3 | wun-66|p", 7 |1.04(30%)(1.76(30 %) 2.80n | o0.27
0.65(20%) 2,17(20
6| S1-28 (93,37 0,08 81-29| stable
71 81-38 4.8 0.88 28,09 0.28 81-30| stable
8| 81-30 | 3,08 11x1072 | 81-31 £,¥ 1.4 1.26(,07%) 2.62h
19
9 | Cr-50 4.31 9.15 x10 15.9 Cr-51)EC, ¥ .325(9 %) 27.9 d 1.035!10-3
10 | cr-52 {83.76 0.76 Cr-53| stable
18,33 52,01
11 | Cr-33 9,55 Cr-54| stable
12 | cr-54 | 2.38 0.38 Cr-85 A~ 2.85 3.6m
13 | N1-58 {67.76 4,20 Ni-39| EC 10° y
14 | N1-80 | 26,18 N1-61| stable
15 | Ni-61 1.25 10,72 88,71 Ni-62|stable
16 | Ni-62 3.66 15 Ni-63 /3' 0,067
19 N 2.10(69%) |1.49 (18, 70
17 | Ni-64 1.16 1.277x10 1.52 Ni-85| 2, ¥ 1.01(8 %) 1.12(129%) 2.56h 0.27
0.60(23%) |0.37(4.9%)
18 P-31 100 0,01 30,975 0.19 P-32 /?- 1.707 14,224
19 | Cu-63 [69.1 4,51 Cu-64 Ec,ﬁ':ﬁ- .571,0.65(1.35(.5%) | 12.80h
0.25 | 63,75 -
20 { Cu-85 [30.9 1.80 Cu-66| p~, ¥ |several several 5,10 m
-3
21 | Mo-92 15,86 <8x10 Mo-93 EC >2y
22 | Mo-94 | 9,12 Mo-985| stable
23 | Mo-95 {15.70 Mo-96| stable
24 | Mo-96 116.50 0.21 95.95 MHo-97| stable
25 | Mo-97 9.45 Mo-98|stable
26 | Mo-98 |23.75 0,51 No-99| 87, ¥ |several |several (66 h
27 | Mo-100| 9,62 0,20 No-101| A7, ¥ |[several several 14.61m
28 | Sn-112| 0.95 1.3 Sn-113| EC, 0.392 119 d
29 | Sn~114( 0.65 Sn-115|stable
30 | Sn-115] 0.34 Sn-116|stable
31 | Sn-116|14,24 Bxlo-" Sn-117|stable
32 | 8n-117} 7.57 Sn-118| stable
=3
33 | Sn~118124.01 0,04 118.7 10x10 Sn-119|stable
34 | Sn-119{ 8.58 Sn-120|stable
35 | Sn-120{32.97 Sn-121| B~ 0,383 27.5 h
36 | Sn-122] 4.71 Sn-123) 87 ,¥ | 1.260 0.153 [39.5 m
37 | Sn-124| 5.98 0.2 Sn-125] # ,¥ |several several
-2
38 Co-59( 100 0.03 58,94 3.07::1018 203 3 Co-60 /3' 7 0.312 1.17,1.335.24y 1.5x10
39 Va-50| 0.25 Va-51|stable
0.04 50.95
40 Ya-51|99,75 4.5 Va-52 IA' s 2.470 1.44 3.76 m
1) (2) (3) (4) (5) (6) (7) | (8) (9) (10) (11) (12)
TABLE 1I. Nuclear Properties of the
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In column six, the thermal absorption cross sections,
Gé, in barns, are given10
The isotopes formed after irradiation are indicated in
column seven, while the type of decay is indicated in column eight.
The energy of the radiation emitted expressed in Mev is given in
columns nine and ten. The half-life of the unstable isotopes
appears in column eleven, and finally the decay-constants (hrs-l)
are given in column twelve.

Before proceeding to calculate the activity produced by
these unstable isotopes, we eliminate those which are of no interest
because of one or more of the following reasons:

a) very short half-l1ife (minutes or less)

b) very large half<life (more than 102 years)

c) pure beta-emitters

d) the product ab is very small.

When this is done, the forty initial possibly important

radioactive isotopes reduce to five: Fe359, Mn-56, Cr-51, Ni-65,
and Co-60. For the case of Or-51 in particular, the decay takes
place by electron capture, which in 9% of the cases, is followed by a
gamma ray of .325 Mev. In 91% of the cases, the EC leads to the
ground state of V£31 with an end-point energy for the internal
bremsstrahlung of 0.75 Mevll. The decay schemes of the five isotopes

mentioned above are shown in Figures 5, 6, and 7.

L. Bstimates of Activity and Dose Rate

Detailed theoretical estimates of activity and dose rate
were made as a function of reactor flux, exposure time, and reactor

schedule for the stainless steel specimens, and from these the desired
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Figure 5. Decay Scheme of Ni 65 (Ref. 12).
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exposure in the reactor was scheduled, necessary to achieve the
required activity and dose rate in the mercury samples to be
utilized. The details of these calculations are given in Sections
A and B of the Appendix.

B. Facility Additions

In order to make liquid samples from the main stream and
from the sump of the facility, two new taps were required as
shown in Figures 8 and 9 where they are designated A and C. Tap C
allowed samples of mercury to be taken from the main stream and
tap & from the sump, B. The arrangement for returning the liquid
samples to the loop after filtration is also shown. With tap D
closed, samples were put through the funnel, G, and by opening the
tap, F were allowed to proceed to the containe#, E. Once the con-
tainer was full of mercury, tap F was closed and by opening the tap,
I, shop air was allowed to enter container, E. The opening of tap
D then forced the mercury back to the main stream through the tubing,
H. Figure 10 shows the arrangement by which the filtering process
was performed. The samples which had been removed as described
before, from the main stream and from the sump, were poured through
funnel A into the container D, while taps C and F were closed, and
tap B open. Once the mercury was in container D, tap B was closed
and tap T was opened, allowing shop air pressure to enter. The
opening of tap F permitted the mercury to be forced through the
filter rack, E. TFour filters of varying mesh size can be used

simultaneously in this apparatus, which is described in the next .

section.
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1214

Partial View of Cavitation Loop Showing the Arrangements
Made to Take Liquid Samples From Main Stream and Sump.

Other View of the Modifications Added to the Mercury Loop.
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10. Photograph of the Filtering Arrangement.
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C. Stainless Steel Specimen Experimental Run

1. General
Two type 302 annealed stainless steel specimens were

used in the first run. Although no direct weight loss measurement
was obtained*, they were observed under a metallographic microscope
after the test, and it was ascertained that their appearance was
about that of non-irradiated specimens of the same material which
had been previously run for similar cavitation tests, and for which
an average weight loss of 1.2 mg per specimen had been measured.
This weight loss was then taken as the basis for further order of
magnitude calculations.

The irradiation of the two specimens was accomplished
with a total reactor on-time of 172.5 hours. (The chronological
time was much longer - about 1000 hours). This irradiation period
corresponds more or less to a value of n = 20 days, according to
the calculation made in Reference 6. The actual activity attained
was much less than that previously estimated. The dose rate of
the two specimens was measured approximately 24 hours after the end
of  irradiation, giving 5 r/hr on bare contact (vs. 45 r/hr. estimated
at 1 em. -- Table III-A), and 10 mr/hr. through the casket shielding.

The run was made over a continuous duration of 26 hours.

‘ 36
“Standard Cavitationt was used with a throat velocity of M 34

ft./sec.

#* An initial weight had been obtained, but a final weighing was
inadYertently neglected until the specimens had been destroyed to
obtain samples for radiation characteristic measurements.

*#* When the visual termination of the cavitation region occurs at
the axial midpoint of specimens.
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2. Filtration Procedure

Samples were taken according to the schedule shown in
Table III from two locations in the loop: (i) from the sump, and
designated by 1S, 2S, etc.; and (ii) from the loop main stream,
designated 1L, 2L, etc. As shown in the table, they were taken
quite frequently at first since, based on previous tests, it was

known that the initial damage rate would be quite high.

TABLE III

Filtration Schedule For Stainless Steel Run

Duration Interval Frequency Location No. Filters
0 to 2 hrs. 15 min. Loop, Sump Single
2 to 6 hrs. 30 min. Loop, Sump Single
6 to 12 hrs. 60 min. Loop, Sump Single
12 to 26 hrs. 120 min. Loop, Sump Single

In addition, eight samples for multiple filtration were taken; four
from the loop and four from the sump, at the following times:

t - =-15) min.; 2 hr. and 15 min.; 6 hrs. and 15 min.; and 8 hrs.
and 15 min.

The cross section of filtering rack used is shown in
Figure 11. The filter discs are arranged in series and sealed
around the periphery by the axial load imposed by the closing
bolts. The relatively flimsy filter discs (cloth or paper) are
backed-up by steel discs . with numerous small holes to prevent
tearing. This apparatus was previously used in the water tes’c,sl’2
and performed successfully.

Preliminary trials at filtering mercury in the same

apparatus were made prior to the actual test run. It was soon
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found that the filtering of mercury was much more difficult than that
of water for the following reasons:

i) Mercury does not "wet" the filter material as does water,
so that the pressure differential necessary to cause it to pass through
the small pores is very high (inversely proportional to the pore
diameter, assuming the common equilibrium relation between pressure
differential and surface tension).

ii) Small debris particles, lighter than mercury, do not easily
remain homogenized with the mixture, and very quickly float to the
surface. For the vertical down-flow arrangement used the mercury
itself may pass through the filters and leave behind the floating
debris, containing essentially all the foreign matter. A vertical
up-flow arrangement would probably be an improvement in this instance,
although harder to handle from the viewpoint of assembly and dis-
assembly without spillage, but that had not yet been tried at the
time of the test. However, it is obvious that further development
of the filtering technique is imperative, if irradiated spec¢imen’tests
in mercury are to be employed.

The size of the filters used in the filtering rack were
0.2, 0.8, 10, and 53 microns, with the filters arranged in order of
decreasing pore size in the direction of the flow. When only one
filter was used, the pore size was 0.2 micron. Although the schedule
as shown in Table III was completed, it was not certain that filtration
was actually achieved due to the difficulties previously mentioned.
In fact, for pore sizes below 0.8 micron, excessive pressure
differential is required to force the passage of the mercury, which

then apparently passes not through the pores, but through the seal



around the periphery.
The material left.on the filters had a relatively homogeneous
aspect and its color ran from very dark to almost clear. This debris
may have been due to filtration or merely to contact between the
rather dirty mercury and the filters. However, as discussed in the
next section, the question with respect to this run, becomes academic.

3. Mercury Activity Measurement

It was planned to count the activity on the filters,
prepared as described in the last section, using a multiple channel
analyzer to determine not only the quantfty of radicactive debris as

a function of particle size, but also the constituents. However, when
this was attempted using the facility of the Michigan Memorial Phoenix
Project of this university, no appreciable (i.e., significantly above
background) activity was found on any of the filters. A further
check with a proportional counter also revealed the almost complete
absence of beta activity. Also, no evidence of radioactivity could
be found with a Geiger counter outside the loop, although here, of
course, the mercury and relatively heavy stainless steel containment
structure provides substantial shielding against such activity.
Finallx;a 100 cc sample of mercury was withdrawn from the
loop and distilled. The residue, and the distilled mercury, were
counted to check the possibility of the debris having dissolved into
the mercury. Again the results were negative.
A possibility remained that the cavitation damage rate
achieved in these tests was an order of magnitude less than anticipated.
No direct weight loss measurement was available to Qefute this possi-

bility, although observation of the specimen surfaces appeared to
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indicate that damage had occurred approximately as expected.
Shortly after completion of the run, small sections were
removed from the specimens (unfortunately thus obviating the possi-
bility of obtaining a direct weight measurement) to obtain a
differential radiocactivity characteristic curve for type 302 stain-
less steel to be available for future tests on this material. This

curve is presented as Figure 12.

D. Carbon Steel Specimen Experimental Run

1. General
At the conclusion of the stainless steel test, no real

knowledge of the disposition of the radioactive debris (if any)
existed. Consequently, it was determined to make a second run with
carbon steel for which, according to previous tests with non-
irradiated specimens, the damage rate should be considerably greater.
The purpose of the carbon steel test was primarily to determine the
disposition of the cavitation debris in the loop, and to determine
whether subsequent tests of this general type were at all feasible.
Hence the procedures used were not nearly so elaborate as for the
already described test with stainless steel. Nevertheless, as it
occurred, it was possible to obtain certain basic and significant
data relative to the cavitation process, as will be described later
in this report.

Two annealed 1010 carbon steel specimens were irradiated
in the Ford Nuclear Reactor for about 4 months, corresponding to
481 hours of actual reactor operation time. Since the sodium in

ordinary glass becomes radioactive, the specimens were encapsulated
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in quartz, to prevent corrosion by the water of the reactor pool.
This lengthy irradiation time was required, since a dose rate
measurement, performed after a month, showed the activity was too
low for the purpose. Four days after the irradiation was completed,
the dose rate on contact was 2 r/hr, and through the casket shield
about 15 mr/hr. Although these values were somewhat less than those
which had previously been achieved with the stainless steel specimens
(about 5 r/hr on contact, 24 hrs. after completion of irradiation),
they were deemed sufficient.

Prior to irradiation, the specimens were examined and
photographed under a metallographical microscope to insure that the
surfaces were relatively free from imperfections so that cavitation
damage, if it occurred, could be distinguished in later examination.
Also they were carefully weighed (repeatability of weight measurements
is about + 0.1 mg.). After the irradiation, and just before insertion
in the loop, the specimens were weighed again (See Table IV).

The cavitation damage test was performed for 50 hours
continuous duration for the same velocity and cavitation condition
previously used with the stainless steel specimens. No mercury
samples were taken during the run as the purpose was merely the
determination of the distribution of radiocactivity, if any, and it
did not appear useful at this point, considering the negative
results of the previous test, to expend the efforts necessary for
the probably fruitless taking and processing of such samples.

At the conclusion of the test, and after removal of the
irradiated samples from the vicinity, indications of radioactivity

were found at the following locations:
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i) In the sump, at approximately the lewel of the interface
separating water and mercury.

ii) At flanges having vertical taps for pipe connections. A
sample of 15 cc withdrawn from the loop again showed essentially no
radioactivity.

2. Recovery and Counting of Radiocactive Debris

Due to the indication of radioactivity from within the
loop, it was disassembled in those regions where such indication had

been noted, including, of ccurse, the pump sump. It was from this

latter location that the major recovery of radiocactive debris was made*

i) Along the inside wall, at the mercury-water interface,
there was a deposit of dust-like material of relatively high radio-~
activity,

ii) Radioactivity was observed in the debris floating on the
mercury and under the water.

Samples from these locations were collected on paper and
burned. When the ashes were mixed with water for possible filtration,
it was found that the filters were immediately clogged. Consequently
the ashes were calcined at 1300 °F., leaving a residue of yellowish
powder which could be mixed with water and filtered, assuming that the
cavitation debris, being of steel, would be unimpaired by these
processes.

Filters of the following openings were used: 53 micron

(cloth), 10 micron, 2 micron, and 0.45 micron. The cloth was

#* Background was about 0.03 mr/hr, reading at the flanges about
0.05 mr/hr, but meter was driven off-scale in the pump sump.
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completely plugged by the particles when the filtration was attempted
in the filter holder previously described (Figure 10). Hence a
larger piece of cloth (3 x 3 inches) was used, and the filtration

done without hindrance. Actually, five different pieces of such

cloth were reguired in view of the large amount of debris retained.
Four different samples were prepared, corresponding to the four
different filter sizes listed above. The last sample, corresponding to
the 0.45 micron filter, showed no activity at all, whereas significant
activity was observed on the others.

The results obtained from the multiple channel analyzer
are plotted in Figure 13. Curve A is the differential curve of
the particles retained in the 53 micron filter, curve B corresponds
to those contained in the 10 micron filter, and curve T corresponds
fo the 2 micron filter. All three spectra include the background,
which is also plotted in the same figure (curve D). It can be seen
that the results from the counting of the 2 micron filter are not
very significant, because the order of magnitude of the counts is
the same as that of the background. However, the counts corresponding
to the 53 and 10 micron filters are very significant, being considerably
higher than the background.

After the test, one of the carbon steel specimens was dis-
solved in concentrated hydrochloric acid heated to about 200 °F,
Suitable precautions were taken to avoid the escape of radioactivity5.
The resultant liquid was diluted with distilled water to a volume of

250 cc. A 5 cc. sample was taken from this, and again diluted to
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250 cc. Finally, a 2 cc. sample of this solution was counted. The
total dilution of the sample was, therefore: (2/250)(5/250)=1/6250.
The differential spectrum obtained from this 2 cc. liquid
sample is shown in Figure 14, where also the calibration spectra
for Coéo and 05137 have been plotted.
The specimens were weighed immediately after;the run,
and it was noted that they had lost a total of about 5.3 mg. The
weights of the specimens at different stages of the experiment are

listed in Table IV.

TABLE IV

Weights of Carbon Steel Specimens

(grams)
Specimen Specimen
Date 69-1 70-1 Remarks

Oct. 2, 1962 3.19750 3.23504 Before irradiation.

Mar. 4, 1963 3.19830 3.23570 After reactor irradiation, but
previous to cavitation run,
A=20 mr/hr @ 1 ft.

Mar. 27, 1963 | 3.19491 3.23378 After cavitation run of 50
hours duration.

Weight loss 0.00339 0.00192 Total weight loss for both
specimens: W = 5,31 mg.

IIT. RESULTS and DISCUSSION of CARBON STEEL TEST

A. General
The data collected this far, and displayed in Figures
13 and 14 is sufficient to calculate the mass of cavitation damage
debris recovered from the loop, and make an estimate of the relative

size of the particles of metal removed from the specimens during the

test.
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Figure 13 shows count-rates measured with a given counting
apparatus, a multiple channel analyzer, for gammas emitted from the
radioactive debris recovered from the loop within given size ranges,
as known from the filter pore size on which the material was trapped.
After a suitable energy calibration of the multiple channel analyzer
had been performed, as detailed in Section C of the Appendix, it was
possible to identify the different photopeaks appearing in the
curves, and label them in energy.

Figure 14 shows a differential curve obtained from a standard
sample, created by dissolving and diluting one of the original specimens
as previously described. The dilution ratio and the original mass of
the specimen are known. The sample was counted in the same equipment,
and the source-crystal geometry was maintained as close as possible
to the arrangement used while counting the differential curves of Figure
13. From the data in Figure 14, a relationship between count-rate and
weight of material can be obtained.

Since the material of the radioactive debris and that of the
specimen are essentially the same - as discussed later - and were
irradiated at the same time, it is possible to compute the mass of
material in each size range of the debris, by comparing the correspond-
ing count-rate at a given energy to the count-rate of the standard
sample, at the same energy.

It is also possible to establish the similarity, or otherwise,
of relative proportions of material constituents between debris and
original material, by comparing the relative count-rates at various

energy levels, corresponding for example to the gamma ray energies of

the different isotopes present in the metal.
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In the above comparison it is, of course, necessary to
correct the count-rate data to the same chronological time, since
there is an unavoidable interval between measurements that can be ..o,

long compared with isotope half-lives. Xnowing the isotopes present

and their half-lives, this correction presents no difficulty.

B. Mass of Debris Recovered and Particle Size Distribution

Figures 13 and 14 will be used for the calculation of
the mass of material retained in the filters of 53, 10 and 2 micron
pore-size. The areas under the higher photopeak of the isotope Fe59,
(used because of its better resolution and corresponding to the
three differential curves A, B and €, Fig. 13) are calculated, and
compared with the same area obtained from Fig. 14. These areas are
given in total number of counts per interval of time (in this case,
10 minutes). Since the differential curve given in Figure 14 was
obtained on a different date from those on Figure 13, the value of
the area under the photopeak of Figure 14 must be corrected back to
the day on which the differential curves of Figure 13 were counted.
The area under the photopeak can be calculated using the formula™:

P=2.13y,4E

where: Y, = maximum of the photopeak (counts/unit time/channel)

il

SE

half-width of photopeak at half-maximum height

#* See Section D of Appendix.
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TABLE V

Different Filters

Pore Size Weight |% Recovered |  Retained | € Passed | Size of Particles
Recovered | of Total in Through | yumber | Assumed
Microns|Mils (mg) Weight loss Filter Filter Diameter
53 2.08 22L L.22 68.95 31.05 6000 53
10 0.39 .100 1.89 30.75 307 | 14750 BOTL
2 .79 .001 0.02 .307 0 18400 6}x
Totals: .325 6.13%

The results of the calculations, performed in full detail in

Section E of the Appendix, are summarized in Table V. The weight of the

debris recovered in each filter is shown, as well as

the proportion

which this represents of the total measured weight loss of the carbon
steel specimens. It was assumed, at this point, that all the radio-
active debris had originated from the carbon steel, since there was g
considerable lapse of time (7% months) between stainless steel and
carbon steel experiments, more than sufficient for the radicactivity
due to the stainless steel to have decayed to a negligible level. This
assumption is strengthened by the fact that the cavitation damage on
stainless steel is probably an order of magnitude less than that on
carbon steel. Besides, the duration of the stainless steel run was
much shorter than for the carbon steel test. Hence, smaller amounts
of stainless steel were circulating in the loop.

In addition, Table V shows the number of particles in each
size range, assuming them to be spherical and have the density of steel.

For the largest category it was assumed that the particle diameter was

equal to the specified pore size of the filter on which it was retained.
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This assumption is the balance of two factors: (i) some particles
smaller than the pore size will be retained because of non-homogeneity
of pores, partial blocking by other debris, etc., and (ii) some particles
bigger than the pore size will obviously be retalned; however, it is
doubted, from visual observation of the pits, that many particles much
larger than 53 microns (2.08 mils) could have existed. These consider-
ations do not apply for the smaller filter sizes, since the upper
cut-off is determined by the next larger filter size. Thus, for the

10 micron filters, the particles could be anywhere between 53 and 10
microns, and an approximate average of 30 microns was assumed for the
calculations. Similarly, an average diameter of 6 microns was assumed
for the particles retained on the 2 micron filter.

Inspection of Table V reveals that even though most of the
mass was retained on the larger filter, the number of particles is much
less than that in the next smaller filter size, which is in turn less
than that in the smallest filter size. This numerical distribution of
particles is consistent with the visual pit count results on any of the
non-radioactive specimens which have been tested.

Figure 15 shows the particle size distribution, in terms of
percent mass passing through a given filter, as obtained from the carbon
steel run in mercury%. Similar data from the previous stainless steel
experiment in waterl’2 are also plotted in the same figure for comparison.
The curve corresponding to the mercury test is consistently below the one
for the water test, indicating that the percentage weight passing through

a given filter size is always less for mercury than for water, i.e., the

* It is not especially meaningful to plot the percent retained in each
filter versus pore size with only the small number of filters used, since
each percentage would include particles of all sizes between the nominal
rating of the filter and the next higher size, and thus would give no true
indication of the actual weight of the particles of that size.
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size of the particles removed by cavitation damage in mercury are

relatively larger than in water.

However, both curves tend to converge

towards the higher pore sizes. Thus, for either fluid most of the debris

would pass a filter of 80 microns, i.e., the great majority of the par-

ticles are below that size.

On the other hand, in the low range, the

mercury curve indicates that only a very small percent of debris is of a

size less than 6 to 8 microns, while for water, up to about 7% by weight

of the particles are below the 8 micron size.

C. Correlation With Visual Pit Counting

Figure 16 shows a composite photomicrograph of the polished

face of the carbon steel specimen prior to its irradiation in the Ford

Nuclear Reactor.

hours of standard cavitation in Figure 17.

The same specimen, now radioactive, is shown after 50

Pit tabulation according to

size for the regions where the pitting is not yet of the over-lapping

type so that individual pits can be distinguished, is presented in Table

VI. The size categories tabulated are made to match those of the filters,

i.e., greater than 53 microns, 10 to 53 microns and 2 to 10 microns so

that a direct comparison can be made.

only one of the irradiated specimens.

TABLE VI
Comparison of Number of Pits Observed With Number of

Particles of Similar Size in the Debris

The pit counting was performed on

Counted Pits

Estimate No.

D) 53 g
53> D> 10u

lgu?1)>%p

.23
1,698
24,415

of Particles
6,000
14,750
18,400

As shown in detail in Section E of the Appendix, an estimate of

the particle size distribution was made, assuming that the particles were
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spheres and that the size distribution of the small percentage of debris
recovered is the same as in the material that was not recovered. The
results of this estimate are also shown in Table VI. Unfortunately, no
correlation between these numbers and the number of pits resulting from
the actual counting is apparent.

D. Relative Constituents of Debris vs. Original Specimen

The differential curves of Figures 13 and 14 show, within the
precision of the available data, that there is no selective attack on the
carbon steel, and that the relative constituents of the debris are the
same as those of the original specimens, and are not sensitive to particle
size. The curves are similar in shape, and show the same peaks. Similar
tests with stainless steel, where there may be a real possibility of
selective attack by mercury or oﬁher liquid metals on the nickel or
chromium would be of interest in the future. Unfortunately, as already
related, this data was not obtained in the present experiment. However,
the fact that the distilled sample and its debris showed no radicactivity
does indicate no substantial solution of stainless steel in mercury for

this test.

IV. CONCLUSIONS

The following major conclusions may be drawn from the work

herein reported:

i) The irradiated tracer technique, while potentially extremely
valuable in cavitation-erosion studies with fluids for which disassembly
and direct observation are difficult, may require significant development
for its implementation, depending upon the particular properties of the

fluid-material system. The properties to be considered in this respect



_ o A
-. - !

-1, 3~

include, for the fluid: wettability, filterability in general, and
likelihood of maintenance of relatively homogeneous slurry (which also
depends on the flow system configuration); and for the test material,
susceptibility to irradiation damage, and existence of suitable isotopes
to be used as tracers. As indicated by these tests, and those previously
conducted in this laboratory, water-steel is a much more favorable system
for this type of test than is mercury-steel. It seems likely that the
alkali metals with steel would prove relatively favorable because of the
good wetting usually obtained, and the substantial difficulty of direct
observation with the accompanying assembly and disassembly.

ii) The irradiated tracer technique, in a centrifugal-pump-
driven tunnel facility as used herein, is not suitable fof direct weight
loss determinations in general because of the likelihood of separation in
strong vortices as in the pump, various pipe bends, etc.

iii) The irradiated tracer technique is a useful, and perhaps
the only feasible, method available for the determination of debris particle-

size distribution and relative constituents, as compared with the undamaged

material.

i) The centrifugal pump has a strong separating influence on
particles of low density relative to the fluid, trappiné them in the pump
sump. This implies the existence of a strong degassing éffect, and also
the probable elimination from the mercury of immiscible fluids as wate£
during pump operation.

ii) A particle-size distribution for cavitation damage on

type 1010 carbon steels by mercury was obtained, and compared with a

* 'In an- annealed condition.
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similar measurement previously obtained for type 302 stainless steel”™
in waterl’z. The indicated maximum particle size was about the same in
both cases (~ 3 mils). However, the mercury particle size range was not
as great, showing fewer particles of minimum size. It was determined
that the size distribution is not consistent with the micposcopic exam-
ination of the damaged surfaces.

iii) Evidence that selective attack did not occur on the carbon
steel was obtained by comparison of the differential curves resulting by
the debris and the original specimen. It was also verified that the

constituents of the debris did not vary according to size:range.

* In annealed condition.
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13.
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A. Fstimate of Stainless Steel Specimen Activity

The first problem to be solved is the estimation of the activity
per gram of the irradiated specimen, assuming a neutron thermal flux of
5 x.lO12 neutrons/cm?/secﬂ which corresponds to the nominal operating
conditions, i.e., one megawatt, of the Ford Nuclear Reactor.

Let R be the no. of atoms formed per sec. by absorption of

neutrons per unit mass of sample. Then

R = Reaction rate (l)

Ve

_ 3 . . 3
where V = volume of sample (cm” ), and p its density (gn/cm”), and Vp =
mass of the sample, gms.

The reaction rate for absorption processes is calculated as follows:

Reaction rate =V [ET Nf%(E)ﬁ(E) dE  (2)

-

where:
N = number of atoms of the isotope in consideration per
gram of sample.
UL 0N LU LS
(° = density of sample in grams per cm’
O;(E) = absorption cross section which depends on the energy
of the neutron.
@ (E) = neutron flux in neutrons/cm?/sec /unit energy interval.
Ep = maximum value of | neutron energy.
Therefore:
Reaction rate = VpN j O,(E) #(E) cE (3)
or: °
. _ %
Reaction rate = VpN y-‘TOE'L = VN 7774 ¢T (&)
where:

%T = thermal flux = / ?(E) dE

-

0;.— average absorption cross section for thermal flux.

CTS’= thermal absorption cross section (listed in barns in
column 6, Table II).
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The factor 1.128 appears since:
F VT - - T

& 2 & 1.128
when a Maxwell-Boltzmann distribution of the thermal neutron energies

is assumed. Thus, the value of R is finally:

_ N ol"a,¢T
R=7T138 (5)

Since the radioactive atoms formed after the irradiation of
the sample start to decay immediately after their formation, the net
change in the number of radioactive atoms per unit time is expressed for

each isotope:
Q%éﬁl =R -An(t) (6)

where n(t) is the number of radicactive atoms per gram of sample
present at time t, and A the disintegration constant. Since the

number of radioactive atoms present at time t = O is zero, the solution

to eq. (6) is:

» -t .
H(t) = 2 (1-e") (7)
: A

Thus, the activity in disintegrations per second per gram of
sample at time t will be given by:

-At

AR) =R (1 - &) (8)

If the specimen is to be irradiated for a period of several
days, formula (8) cannot be correctly applied, since the reactor does

not operate on a continuous schedule. For this reason the activity per

gram of sample has been investigated under the assumption that the

reactor is operating for a continuous period of 8 hours a day and then
shut down for the next 16 hours. Using the results given in Reference
6, the activity per gram of sample due to an isotope with a decay

constant A, or a half-life T%= 0.693/A , after n days of irradiation



49—

is given by:

It

A, = A X[ 1-e'n°] (9)

en X
where:

-R disintegrations/sec.
gram

A, = saturation activity
1_c~%/3
1-e7°
s -1
C =24, , where A is in hr
The calculations of the activities for the five isotopes of
interest are summarized in Table I-A. In column one, the isotopes are

listed. In column two, the saturation activities are computed using

the formula:
L. Naufr
a0 = T
1.128 x 1002

obtained from (5) when the thermal absorption cross sectionscarecexpressed

neutrons

12
in barns. The thermal flux, ¢T’ is assumed to be 5 x 10
cm® sec

corresponding to 1 MW power level of the FNR. The values of N and CTA are
taken respectively from columns five and six of Table II in the text.

In column three, the disintegration constants are given in
inverse hours. In columns four and five, the values of K and ¢ are given
as calculated in Reference 6. Using formula (9) for n = 20, the values
of Aen are computed and the results are recorded in column six of Table I-A.

At the moment when the specimens are removed from the reactor,

the activity of each isotope is given in mc/gm of sample by the formula:

Ae
§ = =0 ’ {10)
3.7 x 10
The corresponding calculated values are given in column seven
of Table I-A.

The total activity of the two samples used in the experiment

due to each isotope will be:
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A
Sp = QEH x3.2x2 mc=8 x6L me (11)
o 3.7 x 107 °

assuming an average weight of 3.2 grams per specimen.

Now we are interested in the dose rate, which is given by the

formula:
= 3 RO STO r
D = 10 - : (12)
where: Sp = source strength, curies
o
r = distance from source, centimeters
R, = RO(EB') = specific radiation flux, r/hr/mc at 1 cm.

The values of R, are given by MarinellilB} When more than one
gamma ray is ejected per disintegration, the total RO is given by the

expression:

R, = Z R, (Ey)n; (13)

where n; is the number of gammas per disintegration with energngﬁ,raﬁd
Ro(Ei) is the specific radiation flux corresponding to energy Ei'

Figdres 6, 7, and 8 show the decay schemes of the isotopes of
interest as used for the calculations of Ro‘ given in column five of Table
IT-A.

Using formula (12), dose rates in r/hr were calculated at a
distance of 100 cm at the time of removal of the samples from the neutron
flux (t = 0). The dose rates were also computed at distances 100 cm and
1 em for t = 24 hours, corresponding to the time when actual measurements
of the activity of the specimens were performed. The results are listed
in Table III-A. It can be seen that the measured dose rate was much less

than the estimated value resulting from this calculation.



TABLE TI-A

Values of the Specific Radiation Flux R, For the Isotopes

of Interest Ro
Gamma-energy r 1
Line Tl/g Isotope SOT(mc) Mev (o/o)* hr-mc @locm
L |u5.1d | Fe-59 | 1.55 ggg; 227%7 6.55
1.289 (4L3%)
: 0.845 (100%)
5 12.5%h Mn-56 1,268. 1.76 (30%) 9.55
2.17 (20%)
9 127.9d Cr-51 147.5 0.325 (9%) 0,171
1.49 (18.1%)
17 |2.564h.| Ni-65 | 13.16 1.12 (12.9%) 2.38
0.37 ( 4.9%)
38 | 5.24y Co-60 | 0.113 1.172 (100%) 13.5
’ ) 1.332 (100%) ’
(1) (2) (3) (4) (5)

% Percentages indicate the number of gamma rays of that energy

ejected per 100 disintegrations.
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TABLE III-A

Estimated Dose Rates For Stainless Steel Specimens

‘ : Dose Rate D (r/hr)

Isotope Tl/2 o &4

t=0 t =24 hr t =24 hr

d = 100 cm d = 100 cm d=1cm
Fe-59 45.1d | 1.016x1072 1.01x103 10.1
Mn-56 2.59h | 1.21 1.875x1072 18.75
Cr-51 27.94 | 2.52x1073 2.46x1073 216
Mi-65 2.564h| 3.13x107 4, .85x1076 0.0485
Co-60 5.24y | 1.525x007% 1.525x107% 1.525
TOTAL DOSE 1.2168 0.0045 L5.0235

B. Estimate of Activity of Mercury Samples

The total weight of mercury in the loop is about 671 1lbs.,

which corresponds to a volume of:

671 1bs. —_ 22,550 Cm3
13.534 gr/cm® X .0022 1bs./gr.

The weight of a specimen is about 3.2 grams, and based on
previous tests, it was estimated that about 1.20 mg. per specimen would
be removed during the experiment. Hence, the dose rate from a 50 cm3
mercury sample (selected as a convenient size) is given by the expression:

2x1.2 x50
22,550

D .
hr

where D is the total dose rate per mg. of specimen after completion of
the run. As given by Table III-A, the theoretical total dose rate of

the two specimens, at 1 cm, and 24 hours after the end of the irradiation,
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was:  45.0235 r/hr. After the completion of the run, the dose rate will
be substantially due only to the isotopes Fé59, Cr5l, and Co6o, since

Mn56 and Ni65 have relatively short half-lives. Thus, the total dose of
the two specimens would be 36.2 r/hr (See Table ITI-A), if it is assumed
59

that the activity of Fe”" and Cr61 is not appreciably reduced during the
period of time between the end of the irradiation of the specimens and
the completion of the run. The dose rate of 36.2 r/hr corresponds to a
weight of 2 x 3.2 = 6.4 grams, so that the factor D in the formula on
the previous page will be equal to 36.2 r/hr divided by 6.4 gm. Then,

the dose rate of a 50 cm’ mercury sample will be:

2.40 x 50 4 36.2 . =0.0302 I @1
22,550 x‘é.mo-B 2% e -

Assuming that there were only Fe-59, (as had been assumed
in the previous workl’z) the activity of the two specimens of stainless

51 60)

steel would be 1.55 mc (vs. about 149 mc considering also €r and Co
corresponding to a weight of 6.4 grs. The activity of a sample of 50 cc

taken after completion of the run would be:

A =21:50x2.4 x 50 x 103 - 1.29 x 1076 mc/sample
S 6.4 x 22500

If this sample is counted, for instance, in a counter with
50% efficiency and 29T geometry, the area under the 1.10 Mev Fe-59 peak
will be:

C, =1.29 x 107 x 3.7 x 107 x i:‘T < igo "13(73 counts/min.

or,
C, = 410 counts/min./sample.
The factor 57/100 has been introduced since Fe-59 emits the
1.10 Mev gamma ray in 57% of the disintegrations. Since the background

is of the order of 50 counts/min., such a count rate would be detectable.
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To improve the statistics the counting time can be increased. A 20-
minute counting time would give a standard deviation of 89.4 counts/

min. equivalent to 1.11% (vs. about 5% for a l-minute count).

C. GCalibration of the Multiple Channel Analygzer

The calibration in energy of the MCA was accomplished by
. : : 60 137 22
obtaining the differential curves of Co , Cs and Na ', These
curves are shown in Figure 1-A, where the energies of the different

photopeaks have been indicated. Using this information, a plot of

gamma ray energy versus channel number was obtained, (Figure 2-4). As

expected, the relationship between these two quantities is linear.
On the basis of the calibration curve shown in Figure 2-A,

then, the different photopeaks appearing on the differential curves

plotted in Figures 11, 12, and 13 were labeled in energy, and subse-

quently identified.

D. Evaluation of the Area Under the Photopeak

In the usual representation of differential curves,

Figure 3-A, the abscissas represent the channel number E (proportional

to pulse height), while the ordinates represent the count rate
corresponding to each interval AE. The channel number E is also
proportional to the gamma ray energy EU .

The total number of counts per unit time, produced by

gamma rays of energy EK will be given thus by the area under the

photopeak:

P = J.-’" y(E)dE (1)

- 00
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1220

Figure 3.A Photopeak for Gaussian Distribution About
Gamma-Ray Energy.
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If a truly Gaussian distribution about Ey is assumed, then:

2
y(®) =y oxp BT (2)

and by substitution in equation (1):

_ = LE_—_LE_L)E] =
P=yn f exp[— o2 JE=vem y d  (3)

By making y = 9m in equation (2), one obtains:
2
- 2
1— = @ [—(El Ef.) } .
== exp{-l ¢
2 24

and from_here:

E - El SE
o": o crem—m—
vV 2 1n 2 1.177

Finally, by substitution into (3):

P =2.13 y, SE (4)
Herey P is expressed in counts per unit time. The quantity 28§E
is the width of the photopeak at half-height. Both &§E and ¥, can

be obtained directly from the differential curves under consideration.

E. Mass of Debris Recovered and Particle Size Distribution

1. Debris Recovered

During the experiment with the carbon steel specimens, the
following differential curves were obtained:

i) Figure 13 is from a calibrated sample, prepared as described

in the text. This establishes a relationship between activity and

weight of material.

ii) Figure 12 is from the debris retained in the different pore

size filters.

The Multiple Channel Analyzer was the same, and the geometry,
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i.e., the arrangement of the sample with respect to the crystal, was
maintained as constant as feasible. Consequently, by comparing the
areas under the photopeaks of a particular isotope, it is possible to
ascertain the relative activities of the debris of that isotope
retained by the different filters, and by using the mass to activity
relationship given by (a), to determine the actual weight of those
debris.

The calculations are carried out for the 1.10 Mev photo-

peak of Fe59

, selected because of its better resolution.

In Figure 4-A, the 1.10 Mev photopeak of Fe59 corresponding
to the calibrated sample is plotted again in a linear scale. The
number of counts have been corrected for background using an average
of 52 counts per 10 minutes, and the ordinates of the curve are
given in net counts per ten minutes per AE. As easily obtained from

Figure L-A, the value 2 8E is equal to 12.2 channels, while y, =

6037. Using formula (4), the area under the photopeak is then:

P=2.13 x 6037 x %%ﬁ%
. _ /, counts
or: P="7.8, x 10 0 min.

This photopeak was obtained on May 15, 1963, at 5 p.m., while the rest
of the differential curves were counted on March 12, 1963, at 4 p.m.,

i.e., 65.04 days earlier. Correcting for the decay of the sample, one

has:

p =pe?t

o
where:

A=6.41 x 107 L, for Fed?
and: t = 65,04 x 24 hrs.
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Thus:
P =7.84 x 10% exp (6.41 x 1074 x 65.04 x 24)
or.:
= 5 counts
Py = 2.14 x 107 $38

This value of P corresponds to a weight:

o]
W o=_W_
° 6250

where W, the weight of the specimen, is given by Table IV as:
W = 3.23378 grams

Hence, the conversion factor can be written:

Pg 2.14 x 107 counts/10 min.

The 1.10 Mev photopeak of Fengéfor the debris retained on
the 53 micron filter is shown in Figure 5-A. From this figure, the
following values are obtained: 2 eE = 4.9 channels, and I, =
17,751 counts/10 min./channel. The area under the photpeak is there-
fore:

- L.9 _ /, counts

and the corresponding weight of the debris, in milligrams, is:
= = l"’ —6
W53r PSBP‘X C =9.26 x10* x 2.415 x 10

or: W53r4= 0.224 mg

Since the total weight loss for both specimens was 5.31 mg (See

Table IV), these 0.224 mg correspond to a percentage of:

0—52% x 100 = 4.22%

The photopeak corresponding to the debris retained on the

10 micron filter is shown in Figure 6-A. From here: 2 §E = 4.70 and
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y_ = 8289, and the area under the photopeak is:
m

counts

_ 4.70 _ 4
Py, = 2.13 x 8289 x % k.15 x 100 75

lOrA.

and in milligrams:

Wy, = b.15 x 10% ¢ = 4.15 x 10% x 2.415 x 10~°
Op-
or:

%QV=OJJ%

In percentage:

0.1 x 100 = 1.89%
5 .31

Finally, the photopeak corresponding to the 2 micron filter

debris is shown in Figure 7-A. From here: 28E = 8.9, and Y = L7.

Hence:
. 2 counts

P2,..\o= 2.13 X l.|.7 X &22 = h.hé x 10 10 min.
In milligrams:

Wy = 4.46 x 10° x 2.415 x 1076

rv
or:
— -3
Wér_— 1.075 x 10 ~ mg

and in percentage:

1.075 x 1072 x 100 = 0.02%
5.31

The results of the above calculations are summarized in

Table IV-A, where also the percentages passing through, and retained

by the different filter sizes, are indicated. Tt was assumed here

that no debris passed through the 2 micron filter.



COUNTS 7/ 10 MIN / AE

-66—
50
as 7N
m / \\\

42 / \

38 // \\

34 , \
30 / \

26 / \

/--g-y. /
22 f 28E \
o / \\
14
1224
10- 56 58 80 62 64 66
CHANNEL NUMBER , E

Figure 7A. 1.10 Mev Photopeak of F<-:59 Retained on 2 Micron

Filter.
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TABLE IV-A

Percentage of Debris Retained and

Passing Through the Different Filters

Pore size] % Recovered (of 1.oWgight | % Retained| ¥ Passing
(microns)| Total Weight Loss)| Recovered| In Filter | Through
(mg) Filter
—————————t

53 L .22 220 68.95 31.05

10 1.89 .100 30.75 0.307

2 0.02 .001 0.307 0
Totals 6.13% .325

2. Particle Size Distribution

An estimate of the particle size distribution is performed
now on the basis of the following assumptions:

i) The particles are spheres of diameter D. This diameter is
selected to be 53 micron for the debris retained in the first filter,
and an approximate average between the pore size specifications for the
other cases. The reasons for this assumption are explained in the text.

ii) The size distribution in the amount of debris recovered
(which is only 6.13% of the total weight loss) is identical to the size
distribution of the particles not recovered.
iii) The density of the particles is uniform. For a steel with
99% iron and 1% carbon, this densitylh can be assumed to be/Q =7.83

grams/cmB.
Let N be the number of particles of a given diameter D. Then:

1 PN p = 0.00531 £

where f is the fraction retained in the filter of the corresponding




—68-

pore size, and the diameter is expressed in centimeters.
Hence:

For the 53 micron filter, f = 0.6895 and:

2
_3.186'x 10 x 0.6895 _
N3 = arx(53 x 10°%)0 x 7.83 6000

The diameter for the particles retained on the 10 micron filter is
assumed to be an approximate average between 53 and 10 microns:
D = 30 microns. For this case, £ = 0.3075 and:

N = 3:.186 x 10 x 0.3075 _
30‘«\. irx (3 x :l_O_'l"")3 x 7.83

14,750

Finally, for the particles retained on the 2 micron filter, a diameter

of 6 microns is assumed. Here, f = 0.00307 and:

_3.186 x 107 x 3.07 x 1073
bp  arx (6 x 1074)3 x 7.83

= 18,400

It is observed that, although the amount by weight retained in the 53
micron filter is the largest, the number of particles increases with

decreasing size.



